Abstract The lateral division of the bed nucleus of the stria terminalis (BSTL) and central nucleus of the amygdala (Ce) form the two poles of the 'central extended amygdala', a theorized subcortical macrostructure important in threatrelated processing. Our previous work in nonhuman primates, and humans, demonstrating strong resting fMRI connectivity between the Ce and BSTL regions, provides evidence for the integrated activity of these structures. To further understand the anatomical substrates that underlie this coordinated function, and to investigate the integrity of the central extended amygdala early in life, we examined the intrinsic connectivity between the Ce and BSTL in nonhuman primates using ex vivo neuronal tract tracing, and in vivo diffusion-weighted imaging and resting fMRI techniques. The tracing studies revealed that BSTL receives strong input from Ce; however, the reciprocal pathway is less robust, implying that the primate Ce is a major modulator of BSTL function. The sublenticular extended amygdala (SLEAc) is strongly and reciprocally connected to both Ce and BSTL, potentially allowing the SLEAc to modulate information flow between the two structures. Longitudinal early-life structural imaging in a separate cohort of monkeys revealed that extended amygdala white matter pathways are in place as early as 3 weeks of age. Interestingly, resting functional connectivity between Ce and BSTL regions increases in coherence from 3 to 7 weeks of age. Taken together, these findings demonstrate a time period during which information flow between Ce and BSTL undergoes
Introduction
Using a combination of imaging, tract tracing, and lesion techniques, we have focused on the roles for the amygdala and the bed nucleus of the stria terminalis (BST) in the expression of primate anxiety (deCampo and Fudge 2013; Fox and Kalin 2014) . Many neuroanatomists consider the central nucleus of the amygdala (Ce), the lateral subnuclei of the BST (BSTL), and the cell columns in the basal forebrain that bridge them (the central division of the sublenticular extended amygdala, SLEAc) to be components of a 'central extended amygdala' (EAc) macrostructure (Alheid and Heimer 1988; de Olmos and Ingram 1972; Heimer et al. 1991; Johnston 1923; McDonald 2003) , although this concept is not accepted by other groups Swanson 2003; Swanson and Petrovich 1998) . The EAc arises from the 'sub-pallial' ganglionic eminence in the embryo (Bupesh et al. 2011) , is intimately linked to amygdala proper (Freese and Amaral 2009; Yilmazer-Hanke 2012) , hypothesized to play an important role in neuropsychiatric disorders (Heimer et al. 1997 ) and recognized as a key site for threat-monitoring behaviors (Fox et al. 2015) . Classic studies, mostly performed in rodents, define the EAc in part, by: (1) 'symmetric' organization of the BSTL and Ce subdivisions in terms of neuropeptide and transmitter markers (Alheid and Heimer 1988; McDonald 2003) ; (2) robust connections among the BSTL, Ce and SLEAc (Grove 1988a, b) ; and (3) many common afferent and efferent projections Magnuson 1987, 1992; McDonald et al. 1999; Moga et al. 1990; Nagy and Pare 2008; Reynolds and Zahm 2005; Rinaman et al. 2000; Wallace et al. 1992) . These anatomical features, together with functional imaging studies (Birn et al. 2014; Oler et al. 2012; Torrisi et al. 2015) suggest that the EAc is both a structural and functional unit. However, few anatomic data exist to validate these concepts in primates.
The amygdala is connected to the BST via two major fiber bundles (see Fig. 1 ), the ventral amygdalofugal pathway (VA, also called the ansa peduncularis) and the stria terminalis (ST) (Nauta 1961) . VA fibers project through the SLEAc region of the basal forebrain, directly connecting the Ce and other amygdalar nuclei with the BST (Heimer and Van Hoesen 2006; Novotny 1977) . The ST, on the other hand, exits the caudal amygdala, arching dorsally and rostrally over the thalamus carrying with it efferent fibers from Ce and other amygdalar nuclei, which terminate in the BSTL and also pass through it en route to deeper brain structures that mediate the neuroendocrine and somatomotor responses to stress (Amaral et al. 1992; Klingler and Gloor 1960) .
Using fMRI, we demonstrated strong 'resting-state' functional connectivity between the Ce and the BST in both monkeys and humans (Birn et al. 2014; Oler et al. 2012) , and several studies have used diffusion tensor imaging (DTI) to visualize the structural connectivity of the ST and VA fiber pathways (Avery et al. 2014; Krüger et al. 2015; Mori and Aggarwal 2014; Veraart et al. 2011) . Importantly, such in vivo techniques provide the opportunity to repeatedly examine the structure and function of the EAc in living individuals over time. However, DTI does not allow for the determination of the directionality of projections, nor discrimination between passing fiber tracts and those giving rise to terminating axonal fields. Therefore, we now present data from neuronal tract tracing techniques in nonhuman primates to assess the directionality of Ce-BSTL projections, and to visualize, at a microscopic level, local circuitry within the EAc.
We also previously found that around 2 months of age, infant monkeys develop the ability to adaptively modulate their threat-related defensive behaviors, which likely involve the EAc (Kalin et al. 1991) . Therefore, in the current study we used in vivo imaging to complement the tract tracing, and to characterize the structural and functional integrity of the EAc longitudinally at 3 weeks and 7 weeks of age. Together with the detailed ex vivo tract tracing studies, the developmental imaging studies provide insights into the organization of the EAc, and its ontogeny early in life.
Materials and materials
Imaging studies and methods
Subjects
MRI Twenty-eight preadolescent rhesus monkeys (Macaca mulatta, mean age; 636 days [standard deviation; 227 days], 12 females) were first used to delineate the white matter tracts connecting the Ce and BST regions. To study extended amygdala connectivity early in life, an additional six neonatal rhesus monkeys (three male and three female) were used. MRIs for the neonate cohort were acquired at two developmental time points. Mean age at first MR scan was 21 days (range 20-23 days); mean age at second MR scan was 49 days (range 48-50 days). Only 5 of the 6 baby monkeys had usable fMRI data from both time points. The monkeys were born and reared at the Wisconsin National Primate Research Center (WNPRC) and the Harlow Center for Biological Psychology. Animals Fig. 1 The EAc and its white matter pathways. a Left a schematic of the extended amygdala concept as proposed by Heimer and colleagues (Heimer et al. 1999) , and right a plate from a rhesus monkey brain atlas (Paxinos et al. 2009 ) highlighting the location of the BST (purple) and Ce (green). b Left mid-sagittal and right rotated coronal MRI slices through a rhesus monkey brain template with an overlaid rendering of the deterministic tractography results showing the pathways connecting the BST and Ce. Also depicted are the waypoint ROIs used in the analysis to define the BST (purple) and Ce (green). Note that the ST in the sagittal view is projected in 3D out in front of the MRI slice. The ST is occluded in the tilted coronal view, traveling caudally behind the MRI slice then arching dorsally and rostrally back out in front of the MRI slice, into the BST waypoint. c Left a classic drawing (Roberts 1992) of the major axonal pathways leaving the amygdala, and right a 3D tractography rendering of bilateral ST/VA pathways were typically pair housed in a standard primate cage; the neonates were housed with their mothers. Animals were fed twice daily and water was available ad libitum. Animal housing room lights were on a 12-h light-dark cycle.
MRI acquisition
Preadolescent cohort MRI images were acquired after the animals received ketamine 15 mg/kg and dexmedetomidine 15 lg/kg prior to scan. The animal was then placed in a stereotactic device while heart rate and oxygen saturation were monitored. Dextrose solution was administered as needed. Animals received a ketamine-2.5 mg/kg booster before the last scan sequence, and atipamezole 150 lg/kg immediately following scan. MRI scans were obtained using a GE SIGNA 750 3.0 T scanner (General Electrics, Milwaukee, WI, USA) with a quadrature extremity radio-frequency (RF) coil in which the stereotaxic frame fit in the center of the coil.
Infant cohort For both scan acquisitions, the neonatal animals were initially anesthetized with ketamine HCL (20 mg/kg). All animals were given atropine sulfate (0.04 mg/kg) while three animals also received ketoprofen (0.02 ml). Animals were then transported to the MRI suite, fitted with an endotracheal tube and sedated using isoflurane anesthesia. Sedation was maintained using less than 1.5 % isoflurane. Animals were then placed in a stereotaxic device while heart rate, respiration, and oxygen saturation were monitored continuously throughout the procedure. Body temperature and glucose were assessed before and after scanning. All scanning procedures were performed using protocols approved by the University of Wisconsin Institutional Animal Care and Use Committee (IACUC).
For both pre-adolescent and neonatal animals, wholebrain anatomical images were acquired using an axial T1-weighted 3D inversion recovery prepared fast spoiled gradient recalled scan [IR-fSPGR; repetition time (TR) = 11.448 ms, echo time (TE) = 5.412 ms, inversion time (TI) = 600 ms, flip angle a = 10°, number of excitations (NEX) = 2, field of view (FOV) = 140 9 140 mm, matrix = 256 9 256 interpolated to 512 9 512, in-plane resolution = 0.27 mm, slice thickness/gap = 0.5/0 mm, 248 slices]. Resting-state functional MRI's were acquired using a T2*-weighted echo planar imaging (EPI) sequence (TR/TE/Flip/FOV/Matrix: 2000 ms/25 ms/90°/140 mm/ 64 9 64; 26 9 3.1-mm axial slices; gap: 0.5-mm). For the infants, three consecutive repetitions were run of this scan. Diffusion weighted imaging (DWI) was performed using a two-dimensional, echo-planar, spin-echo sequence [TR/ TE = 10000/85.3 ms, a = 90°, NEX = 1, FOV = 144 9 144 mm, matrix = 128 9 128 interpolated to 256 9 256, in-plane resolution = 0.5625 mm, slice thickness/gap = 1.3/0 mm, 68 interleaved slices, echo-planar spacing = 816 ls. DWI (b = 1000 s/mm 2 ) was performed in 72 non-collinear directions with 6 non-diffusion weighted images]. Images were acquired in the coronal plane through the entire monkey brain. A co-planar field map was also obtained using a gradient echo with images at two echo times: TE1 = 7 ms, TE2 = 10 ms.
DTI analysis and tractography
Diffusion weighted images were corrected for eddy current distortions using FMRIB Software Library (FSL)'s tools for rigid registration (Woolrich et al. 2009 ). To account for the movement of individual volumes after this registration the b-vector files were adjusted for the applied registration parameters during the eddy correction. The co-planar field maps were manually skull stripped and then applied to the DWI's using FSL's FUGUE to account for local field inhomogeneities that were encountered in the scanner.
Additional methods were applied to counter increased noise due to the small size of the rhesus primate brain. Voxels with extreme intensities were removed by applying a mask that excluded the upper 1 % of the apparent diffusion coefficient, lower 1 % of the diffusion-weighted map and lower 1 % of the b0 maps. Raw DWI's were smoothed in plane with 0.5 mm smoothing kernel.
The influence of local noise on the tensor calculation was reduced by using a method for robust estimation of tensors by outlier rejection (RESTORE, as implemented in Camino software; Cook et al. 2006) . This method uses an average noise estimation to determine which diffusion measurements are extreme outliers and will exclude those values from the computation of the three-dimensional diffusion estimation. This method has been proven to increase reliability of the tensor estimation in particularly noisy datasets (Chang et al. 2005) . Fractional anisotropy (FA) measures were calculated to quantify local diffusion measures after fitting the tensors. A population-averaged T1-weighted image was registered to the FA to be used for anatomical reference using FSL's linear registration tool (FLIRT).
Deterministic fiber tractography was run to model white matter fiber pathways from the measured local diffusion directions. Whole-brain fiber tractography was performed using Camino software (Cook et al. 2006 ) that implemented a tensor deflection (TEND) algorithm for optimal estimation of the fiber tracking directions (Basser et al. 2000; Lazar et al. 2003) . Fiber tracking was terminated in voxels where FA was below 0.15. Visualization software (Wang et al. 2007 ) was used to iteratively delineate the fiber pathway of interest using anatomically defined waypoints. This study aimed to delineate the tracts connecting the dorsal amygdala to the BSTL by placing a waypoint in the region of the posterior dorsal amygdala (containing the Ce, at the rostrocaudal level where the amygdala-hippocampal junction is best seen Fig. 1) , and a second waypoint in the region surrounding the anterior commissure just lateral to the midline that contained the BSTL (see Fig. 1 ). Since the fornix travels in parallel and in close proximity to the ST, ''NOT'' points were also used to exclude fornical fibers originating in the hippocampus; additional ''NOT'' points were used to exclude crossing fibers and fibers of the longitudinal fasciculus. Intra-individual images at 3-weeks and 7-weeks were spatially registered together using tensor based normalization methods (DTI-TK; Zhang et al. 2006) . The ST/VA tracts were converted to a binary mask, mean FA for the entire tract was extracted, and paired-sample t tests were used to examine differences across developmental time points.
Resting state data analysis Dorsal amygdala (Ce region) functional connectivity in the infant monkeys was assessed with methods previously used in adolescent humans (Oler et al. 2012) , and a large sample of preadolescent monkeys (Birn et al. 2014; Oler et al. 2012) . fMRI scans were performed using methods modified from prior work demonstrating the reliability of collecting resting fMRI data in anesthetized rhesus monkeys (Vincent et al. 2007 ). All processing steps were carried out in AFNI (Cox 1996) , unless otherwise indicated. Anatomical scans were manually skull stripped with SPAMALIZE (http://psyphz. psych.wisc.edu/*oakes/spam/spam_frames.htm). The skull stripped anatomical scans were registered to a rhesus macaque template made from 592 pre-adolescent monkeys (0.625 mm isotropic voxels) utilizing AFNI's nonlinear registration program 3dQwarp with a minimum patch size for warp searching set at the minimum of 9 mm, and the ''workhard'' option, which allows for more iterations, and is helpful in cases when the volumes are hard to align, as is the case in these infant scans. Resting state scans (collected in three 5-min runs) were slice timing and motion corrected, had the first 4 frames removed, and were adjusted for field inhomogeneities with a field map correction. The preprocessed resting state scans were warped into the standard space with the warps calculated from the anatomical scans, and up-sampled to anatomical resolution. In order to reduce the influence of non-neuronal fluctuations on functional connectivity estimates, average signal intensity time courses from the white matter (WM) and cerebral spinal fluid (CSF) were regressed out of the EPI time series (Jo et al. 2010) . The residualized resting state signal was further processed with a 4 mm Gaussian blur and temporal bandpass filtering (low = 0.01 Hz, high = 0.1 Hz). Analysis of the group level connectivity was performed with AFNI's 3dGroupInCorr, by placing a 2 mm seed ROI in the right dorsal amygdala region. A temporal correlation analysis was run with the seed mean time-series using all available data, while controlling for age and subject. The resulting connectivity data was corrected for multiple comparisons testing with false detection rate (FDR) methods (q = 0.05). As in the previously published study (Oler et al. 2012) , the current analysis was restricted to examine the connectivity of a right dorsal amygdala seed. To examine developmental changes in extended amygdala functional connectivity, the Fisher's Z transformed connectivity values were extracted from the right BSTL cluster resulting from the FDR corrected maineffects connectivity map. A linear mixed effects model was used to examine the influence of age (3 vs. 7 weeks) on the extracted mean connectivity values from all available pairs of scan data, while taking the within-subjects and by scan variance into account. In addition we ran a non-parametric Wilcoxon rank sum test to examine changes in Ce-BST connectivity between 3 and 7 weeks. This test does not assume normally distributed data, which is an assumption that might get violated in tests with a small sample size.
Tract tracing studies and methods

Subjects
Eight adolescent male primates (Macaca fascicularis and Macaca nemestrina) (2-3 years old) weighing between 2.5 and 4.9 kg were used at the University of Rochester (World Wide Primates, Tallahassee, FL, USA; Three Springs Laboratories, Pekaski, PA, USA; Labs of Virginia, Yemassee, SC, USA; Alpha Genesis, Yemassee, SC, USA). All experiments were carried out in accordance with National Institute of Health guidelines. Experimental design and techniques were aimed at minimizing animal use and suffering and were reviewed by the University of Rochester Committee on Animal Research.
Defining the central extended amygdala regions in primates
In human and nonhuman primates, the BSTL and Ce have several subdivisions that have been described using various terminologies (de Olmos 2004; Freedman and Shi 2001; Gaspar et al. 1987; Heimer et al. 1999; Kaufmann et al. 1997; Lesur et al. 1989; Martin et al. 1991; Walter et al. 1991) . Our immunostaining results are consistent with previous work and we use the terminology of de Olmos (1990) and Heimer et al. (1999) for all subregions. Sets of subdivisions in the primate BSTL 'mirror' others in the Ce. The BSTL and Ce each have transition zones with the striatum, which like the striatum, are demarcated by relatively higher levels of acetylcholinesterase (AChE) staining; these include the juxtacapsular subdivision of the BSTL (BSTLj), 'mirrored' by the lateral amygdalostriatal transition zone (Astr) flanking the Ce, and the thin capsular regions of the BSTL and Ce (BSTLc and CeLc, respectively). In contrast, the BSTLcn and CeLcn are most easily visualized based on relatively low AChE staining in each, and very strong staining for several neuropeptides, including somatostatin and enkephalin (see deCampo and Fudge 2013 for details). Surrounding the BSTLcn and CeLcn in some sections, are smaller islands, separated by fibers of the passing ST. These are presumed to be parts of the BSTLcn and CeLcn that are divided away from the main subnucleus by the passing fiber bundles. Finally, the BSTLP and the CeM are both composed of heterogeneous cell types, demonstrate moderate AChE staining, and are largely continuous with the SLEAc (Martin et al. 1991) . Importantly, the BSTLP, CeM and SLEAc-along with cholinergic cell islands-are all pierced by the VA fiber tract as it courses along the basal forebrain.
Injection sites
To determine BSTL-SLEAc-Ce connectivity in the same animal, we (JF, BB and DdC) employed a strategy using bidirectional tracer injections into the BSTL and Ce 'poles' of the EAc (Fig. 2) . Small injections (40 nL) of the bidirectional tracers, Lucifer yellow conjugated to dextran amine (LY; 10 %, Molecular Probes, Eugene, OR, USA), tetramethylrhodamine, conjugated to dextran amine ('fluoruby', FR; 4 %, Molecular Probes), and fluorescein conjugated to dextran amine (FS; 10 %, Molecular Probes) were stereotactically injected into the BSTL and Ce. Additionally, several injections of the tracer wheat-germ agglutinin-horse radish peroxidase (WGA; 10 %, Sigma, St. Louis, MO, USA), which has retrograde but not anterograde properties in primate, were also made for comparison. Control injections of all tracers were placed in the nearby striatum. Previous studies from the Fudge laboratory have indicated that there is no cross-reactivity of antibodies to FR, FS, WGA and LY. In our hands, FR, FS, and LY have similar anterograde and retrograde properties, and are sensitive indicators of terminal fields when survival is between 10 and 14 days (Cho et al. 2013; Haber et al. 2000) . WGA results in relatively more labeled cells compared to a similar-sized injection of FR, FS, and LY, however, the distribution of labeled cells is the same. The location and extent of Ce and BSTL tracer injections examined in this study are presented in Fig. 2 and Table 1.
Technical considerations for tracing studies
Several limitations of these tract-tracing studies should be mentioned. Together, retrograde and anterograde studies are powerful tools to analyze neural pathways at a cellular level. Retrograde studies provide a sensitive overview of afferent sub-structures that can influence specific brain regions. Anterograde studies are critical for interpretation of the retrograde data, since the density of retrogradely labeled cells does not necessarily correspond to the density of the terminal field. However, issues such as encroachment of tracer on nearby structures, and the possibility of tracer uptake and transport by 'fibers of passage' and axon collaterals, leading to false-positive results, are concerns for all types of tracers (Halperin and LaVail 1975; Nance and Burns 1990) . These issues are particularly relevant for injections in structures such as the BSTL and Ce, which are small and lie in, or near, passing fiber tracts. To minimize these problems, we used very slow injections of tracer (Nance and Burns 1990; Schmued et al. 1990; Vercelli et al. 2000) , and eliminated cases where there was non- specific labeling. We analyzed remaining cases by their inputs and outputs to other structures. For example, fibers leaving the amygdala and 'passing through' the BSTL and Ce go on to innervate the cortex and mediodorsal thalamus (Aggleton and Mishkin 1984; Miyashita et al. 2007; Porrino et al. 1981; Russchen et al. 1987 ). While we noted retrogradely labeled cells in the cortex, their distribution was confined to areas previously noted to innervate the BSTL (Freedman et al. 2000; Ghashghaei and Barbas 2001) and Ce (Stefanacci and Amaral 2002) , rather than the broader cortical regions that innervate the basal and accessory basal nuclei (Cho et al. 2013) . Additionally, there were few to no labeled cells or fibers in the mediodorsal thalamus, indicating that uptake by fibers en route to the basal and accessory basal nuclei was minimal (Aggleton and Mishkin 1984; Porrino et al. 1981; Russchen et al. 1987 ). Similarly we found that injection sites that included the BSTLcn, BSTLP, CeM, and CeLcn resulted in retrogradely labeled cells in the parabrachial nucleus (Pritchard et al. 2000) , whereas injections outside of these areas in the BSTLJ or the striatum did not. Injection sites spreading into the striatum invariably resulted in labeled fibers in the globus pallidus or retrogradely labeled cells in mediodorsal thalamus (Russchen et al. 1987) .
Surgery
To minimize animal use, many injections were performed as parts of other studies (deCampo and Fudge 2013; Fudge et al. 2004 Fudge et al. , 2012 Fudge and Tucker 2009) . Stereotaxic coordinates were determined prior to injection using MRI imaging (3 T, coronal sections, 0.8 mm thick, 0.1 mm apart), using previously described techniques (deCampo and Fudge 2013). Two weeks after surgery, animals were deeply anesthetized and euthanized by perfusion through the heart with 0.9 % saline containing 0.5 ml of heparin sulfate (200 ml/ min for 10 min), followed by cold 4 % paraformaldehyde in a 0.1 M phosphate buffer/30 % sucrose solution (100 ml/min for 1 h). The brain was extracted from the skull, placed in a fixative overnight, and then put through increasing gradients of sucrose (10, 20, and 30 %). Brains were cut on a freezing microtome (40 lm) and all sections were stored in cryoprotectant solution (30 % ethylene glycol and 30 % sucrose in 0.1 M phosphate buffer) at -20°C (Rosene et al. 1986 ). Tracers were visualized using avidin-biotin reaction (Vector ABC Standard kit, Burlingame, CA, USA). Additional compartments for each case were processed for tracer, nickel intensified, and counterstained with AChE, cresyl violet, or calcium binding protein immunoreactivity (CaBP-IR). Detection of these tracer molecules in tract tracing has been extensively documented (see ''Technical considerations for tracing studies'', ''Discussion'').
Histological analysis
Injection sites
The relative position of each injection site within subdivisions of the BSTL or Ce was confirmed by charting 1:8 sections through the basal forebrain, with reference to adjacent sections immunostained for various peptide markers, and AChE. Injection sites that encroached on the globus pallidus, internal capsule or other fiber tracts were eliminated from the analysis. We also analyzed the accuracy of injection site placement by inspecting the pattern of projections to or from other brain regions based on the literature. Injection sites were classified as being in the BSTL or Ce if they resulted in labeled cells and fibers in the parabrachial nucleus and the midline thalamic nuclei (Price and Amaral 1981; Pritchard et al. 2000) , but did not result in labeled fibers in the globus pallidus (Haber et al. 1990 ), subthalamic nucleus (Carpenter et al. 1981) , and mediodorsal thalamus (Price and Amaral 1981) . Injection sites that encroached on the striatum or globus pallidus invariably had labeled fibers terminating, respectively, in the CaBP-IR globus pallidus or subthalamic nucleus. Several example photomicrographs of the tracer injection sites from individual BSTL or Ce injections are presented in Fig. 3 .
Charting the distribution of labeled cells and fibers
The distribution of retrogradely labeled cells was determined under brightfield microscopy with a 109 objective, assisted by Neurolucida software and a mechanized stage (Microbrightfield Bioscience, Williston, VT, USA). All charts were imported into Canvas 14 and saved. The charts of adjacent neuropeptide-labeled sections were also drawn and converted into Canvas 14, where they were superimposed onto tracer-labeled sections in transparent layers, and carefully aligned using landmarks. The bidirectional properties of FR, LY, and FS allowed us to also chart the distribution of anterogradely labeled fibers resulting from these injections. For anterograde labeling, charts were drawn on paper using camera lucida techniques under darkfield illumination (109), with care taken to chart only fine, thin processes containing synaptic boutons. Paper charts were then scanned as high resolution as TIFF files, and converted to line drawings in Canvas 14. Digitized charts of anterogradely labeled fibers for each case were superimposed in yet another transparent layer over adjacent maps of histologically stained sections, and carefully aligned using landmarks. This allowed creation of individual maps through the extended amygdala for each injection site. Several example photomicrographs of labeled cells and fibers from individual subjects are presented in Fig. 3 .
Results
Tract-tracing studies
Neuronal tract tracing studies allowed us to first map pointpoint connections, and the directionality of projections, between the anatomical subdivisions of Ce and BSTL. In addition, we were able to visualize the scope and complexity of local circuitry within the entire EAc trajectory. We charted the organization of labeled neural elements, i.e. labeled cells and presumptive terminating fibers (thin, beaded fibers), rather than passing white matter tracts. These studies formed a basis for interpretation of the developmental in vivo studies in infants using DTI and resting state fMRI.
Ce efferent pathways
We first examined the Ce ? BSTL pathway based on retrogradely labeled cells found in the Ce and SLEAc. Eight injections were placed in the BSTL region ( Fig. 2a ; Table 1 ). Analysis revealed that these injections covered various BSTL sub-nuclei (e.g., BSTLcn, BSTLP, BSTLJ/ BSTLc). Three of these injections (J31FR, J29FR, J28FR) (Fig. 4a-c) . Injections involving the BSTLcn subdivision (J24FS, red, J29WGA green, and J28WGA, blue) resulted in additional labeled cells in the CeLcn. Retrogradely labeled cells in the SLEAc were mainly CaBP-negative medium-sized neurons (i.e. noncholinergic neurons). A control injection into the shell of the ventral striatum also resulted in labeled cells (not shown in Fig. 4 ) in the CeM and SLEAc consistent with previous results, and suggesting a 'transitional' role for the shell of the nucleus accumbens between striatopallidal and EAc systems (deCampo and Fudge 2013; Fudge et al. 2002) .
Anterogradely labeled fibers in the BSTL and SLEAc resulting from injections in the Ce confirmed the retrograde results. Five injections were placed in the region of the Ce ( Fig. 2b ; Table 1 ). Of these, one injection (J9FR) straddled the striatum and CeLc/Astr. All injection sites involving the Ce resulted in patches of anterogradely labeled fibers in the SLEAc, BSTL and shell of the ventral stratum (Fig. 4d-f) . Labeled fibers in the SLEAc consisted mostly of very fine, beaded fibers that avoided the globus pallidus (Fig. 4g) , although thick non-varicose passing fibers (i.e. non-terminating fibers comprising the VA bundle, not charted) were also present. Most finely beaded fibers avoided the cholinergic cell bodies, which are also embedded in the fibers of the VA bundle, and terminated densely in the surrounding neuropil, suggesting contacts on the broad dendritic arbors of the cholinergic system. Injections that included the CeM (J9LY and J1FR) resulted in the most labeled fibers in the SLEAc and in all BSTL subdivisions, whereas injections confined to the CeLcn had a lighter concentration of labeled fibers. Cases J1LY and J9FS, which were confined to the CeLcn had the lightest distribution of the labeled fibers that overlapped the BSTLcn, and spread into the BSTLP and contiguous SLEAc. Control injections into the caudal ventral striatum (case J9FR) did not reach the SLEAc, and instead overlapped the caudal ventral globus pallidus (not shown), indicating that they are excluded from EAc intrinsic circuits.
BSTL efferent pathways
We next examined the opposite pathway, first charting the distribution of retrogradely labeled cells in the BSTL and SLEAc that resulted from the Ce injections described above. Surprisingly, there were almost no labeled cells in the BSTL following all Ce injections (Fig. 5a-c) ; the few that were found were in the BSTLP. In contrast, there were many labeled cells in the SLEAc after all injections, which flowed in a continuum from the CeM. The highest numbers of labeled cells in the SLEAc resulted from the injections that included the CeM, supporting the concept of the continuity of these areas found in cytoarchitectural and histochemical work.
In the anterograde direction, all BSTL injections involving bi-directional tracer resulted in dense, discontinuous patches of labeled thin, highly beaded fibers in the SLEAc (Fig. 5d-f) . The densest patches of labeled fibers frequently surrounded, rather than directly overlapped, the cholinergic cell islands (not shown). However, individual labeled fibers could be seen in close apposition to proximal dendrites of the large cholinergic neurons. The density of anterogradely labeled fibers tapered off sharply at caudal levels, leaving a relatively light concentration of labeled fibers in the Ce, based on both composite analyses and when examining individual cases (see Fig. 5g ). For example, the injection in case J31FR resulted in relatively more labeled fibers in the Ce compared to other BSTL injections, but the overall density of labeled fibers was still relatively sparse, and largely restricted to the CeM (Fig. 5g) . The injection into the shell of the ventral striatum (case J26FS) also resulted in labeled fibers in the SLEAc, which extended into the CaBP-positive globus pallidus, but did not extend into the Ce (not shown). As expected, a control injection into caudate nucleus (case J24FR) only resulted in labeled fibers in the globus pallidus (not shown).
Development of white matter tracts using DTI in infant monkeys
Deterministic tractography in preadolescent monkeys demonstrates the ability of DTI to detect the white matter pathways connecting the dorsal amygdala Ce-region to the BSTL region (Fig. 1) . Employing similar methods used to delineate the VA and ST pathways in the sample of preadolescent monkeys, Fig. 6 presents the deterministic tractography of the VA and ST at 3 and 7 weeks of age. The results confirm that these pathways are present very early in life, as the VA and the ST are observed coursing through and linking extended amygdala subregions in each infant subject at both time points. Paired-samples t tests did not detect any significant differences between 3 and 7 weeks of age in mean FA, or mean diffusivity measures, extracted from the tracts (p's [ 0.60).
Development of Ce-BST functional connectivity (fMRI) in infant monkeys
Our previously published data in a large sample of older preadolescent monkeys (Oler et al. 2012) 
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and bilateral BST regions, as well as a homologous region of the contralateral (left) amygdala. To examine Ce-BST functional connectivity in the infant monkeys, we used a right dorsal amygdala seed to extract the mean time-series and ran a voxelwise temporal correlation analysis. Combining all the usable infant fMRI data across 3 and 7 weeks of age we found significant (q = 0.05, FDR corrected) positive functional connectivity with the right BST region and the contralateral amygdala (see yellow clusters in Fig. 7a and Table 2 ). At a threshold of p = 0.005, uncorrected, we also found connectivity between right dorsal amygdala and left hemisphere SLEAc and bilateral BST regions (see dark orange clusters in Fig. 7a) .
Interestingly, a comparison between 3 and 7 weeks of age revealed age-related changes in Ce-BST functional connectivity with significantly greater connectivity at 7 as compared to 3-weeks (p \ 0.032). Results of the Wilcoxon rank sum test were consistent with the earlier analysis (W = 3, one-tailed, p value = 0.028). Collectively, these results suggest that DTI-detectable fiber tract connections between Ce and BST exist at birth and that changes in Ce-BST functional integration occur over the first 2 months of life (Fig. 7b ).
Discussion
Here, we used complementary ex vivo and in vivo tools to characterize patterns of intra-extended amygdala connectivity and its early-life development. These ex vivo data inform our imaging studies that examine structural and functional connectivity by providing insight into the directionality of intra-extended amygdala connections. Moreover, our longitudinal imaging in very young monkeys indicates that although the main fiber tracts linking the Ce and BST are in place shortly after birth, these pathways are undergoing functional development during the first months of life. Together these ex vivo tracing studies and in vivo imaging studies provide important complementary insights into the nature of EAc connectivity and how it comes to be.
There were two main findings resulting from the tracer injection studies that allowed us to gain further insight into the directionality and anatomical resolution of the imaging data. Both the retrograde and the anterograde data indicate that the direct projection from the Ce to the BSTL is relatively heavier than the reverse path. This relative directionality has not been previously documented in the primate, and most rodent data use small anterograde injections to reveal one arm of the pathway in separate animals (Dong et al. 2001a, b; Dong and Swanson 2004a, b; Sun et al. 1991) . A bi-directional study in the rodent, reported in a review (Zahm 2008) , used deposits of biotinylated dextran amine into the Ce and BST in separate cases to compare the anterograde labeling in the two structures. Results seemed to indicate a Ce [BST directionality (as well as robust associational inputs throughout the SLEAc), similar to both the retrograde and anterograde findings reported here in the monkey (cf. Fig. 2 in Zahm 2008) . In our work, we also find that the SLEAc stands out in receiving and sending abundant projections to both the BSTL and Ce. The robust interconnections between the SLEAc and both poles of the EAc underscore the SLEAc's importance as a communication hub, and that Ce and BSTL function cannot be considered without it (Fig. 8) . This is a factor that should be taken into account in human functional studies.
The tract tracing results suggest that the direct Ce to BSTL inputs are likely more influential than the reverse path in driving the activity responsible for the strong functional connectivity between these extended amygdala structures that is observed in our in vivo studies. However, this connectivity could theoretically be a result of direct inputs from a third structure projecting to both BST and Ce, such as the SLEAc, amygdala proper, or the anterior hippocampus. With regard to the functional connectivity between dorsal amygdala Ce-region and SLEAc, our previous study with a sample of 107 preadolescent monkeys (Oler et al. 2012) found significant functional connectivity between the Ce and the substantia innominata region containing the SLEAc. This finding was also observed in the present study of infant monkeys (see Fig. 7a ). Interestingly, in our previous study we found that Ce-BST connectivity was significantly greater than Ce-SLEAc connectivity (Oler et al. 2012) . The relatively lower CeSLEAc functional connectivity (as compared to Ce-BST connectivity) could be related to the heterogeneity of the cell types within the substantia innominata, the nature of the underlying projection could be different, or there could be different network properties such as recurrent vs. direct projections.
Intrinsic connections of the EAc
A cornerstone of the 'extended amygdala' concept, which is based largely on studies in rats, is that reciprocal, b Fig. 4 Ce ? BSTL projection viewed from composite retrograde (top) and anterograde perspectives (bottom). Injections into the BSTL result in many labeled cells in the SLEAc and Ce (top a-c). Ce injections (bottom) result in many thin varicose fibers throughout the BSTL (bottom e, f) as well as in the shell of the ventral striatum (d) and SLEAc (e, f). The areas above and below the horizontal lines in (a) and (f) contained injection sites and were not charted. g Photomicrograph of dense concentrations of labeled fibers (black) in the BSTLP and SLEAc following injection in case J9LY. The light brown staining is CaBP-ir, which is high in the globus pallidus and the cholinergic cells. Scale bar 1 mm associational pathways link the BSTL and Ce structures (Cassell et al. 1999; de Olmos and Ingram 1972; Grove 1988a) . The extended amygdala concept has nonetheless remained controversial, with some investigators considering these structures differentiated components of a striatopallidal projection system, rather than a unique macrostructural system (Swanson 2003) . Swanson and colleagues felt that the differences between the striatopallidal system and the rest of the basal forebrain (i.e. the structures here cited as EAc) were minor and that it was more useful to conceptualize the whole basal forebrain as consisting of striatopallidal elements, with the Ce and BST as 'differentiated' striatopallidum. The fundamental striatopallidal structure of the 'extended amygdala' was acknowledged in the original descriptions of the extended amygdala (Alheid and Heimer 1988, see page 26) , which also cited similar observations by Fallon and Loughlin (1987) and Turner and Zimmer (1984) . However, the density of the associational, intrinsic network linking the entire structure was thought to be one unique feature setting the EAc apart from the striatum and pallidum.
Although we found uneven reciprocity in direct long paths linking the BSTL and Ce, the prominent position of the SLEAc as a major conduit and integrator of both Ce and BST information, is consistent with the concept of the EAc (Alheid and Heimer 1988; Grove 1988a; McDonald 2003) . In primates, there does not seem to be a cellular or histochemical boundary between the CeM, SLEAc and BSTLP (de Olmos 2004; Martin et al. 1991) , and our results support this idea on connectional grounds. All injections in either the Ce or BSTL resulted in both labeled cells and fibers that flowed in a continuous stream along the CeM/ SLEAc/BSTLP subregions. The continuity of the CeM, SLEAc and BSTLP is also supported by previous work documenting that these regions have parallel outputs to effector targets such as the periaqueductal gray, the substantia nigra, lateral parabrachial nucleus and solitary nucleus in the rat (Bunney and Aghajanian 1976; Magnuson 1987, 1992; Grove 1988a; Moga et al. 1990; Rizvi et al. 1991 ) and the monkey Haber 2000, 2001) .
Limitations and technical considerations
Projections from other regions, including other amygdalar nuclei that target the BST (e.g., from the basolateral complex), also travel along the ST and VA en route to the BST. The present DTI tractography methods cannot distinguish between these fibers and those targeting the BST that originate from Ce neurons. Furthermore, it should be noted that caution must be used when comparing tracttracing and tractography data. Because of the properties of water diffusion the latter is better at showing myelinated fibers, of which probably more in the ST and VA arise from the basolateral complex than the EAc. Thus, these two components of the present study could be emphasizing Fig. 6 Visualization of the stria terminalis (ST) and ventral amygalofugal (VA) pathways in neonates using deterministic tractography. The same method used to delineate the ST and VA pathways in preadolescent animals was applied to the scans from infant monkeys. Note that the ST, which in these 3D renderings travels caudally behind the MRI slice and then arches dorsally and rostrally back out in front of the MRI, and the VA pathways were detected in each of the subjects at the 3-week and 7-week time points different fiber systems. Finally, recent multisynaptic viral tracing studies in the rodent demonstrated a very complex network of intra-BST circuits connecting medial and lateral parts of the BST ). To gain a clearer picture of the intrinsic connectivity of these structures in the non-human primate, future studies should investigate the second-order 'cross-talk' between the different components of the EAc and the hypothesized 'medial division of the extended amygdala' (medial amygdala nucleus and medial nuclei of the BST).
Development of extended amygdala circuits
In vivo imaging in monkeys revealed that the poles of the primate EAc (i.e. the Ce and BSTL) are structurally connected via the ST and the VA by 3 weeks of age (Fig. 6 , left column). This finding is not surprising considering evidence that the ST is a detectable tract in the fetal brain Rose et al. 2014; Vasung et al. 2010) . Analysis of the change in ST/VA FA from 3 to 7 weeks did not detect significant differences, however, considering the relatively small sample in the present study caution should be used not to over-interpret these null findings. Future studies will be needed to generate much larger developmental data sets in the nonhuman primate to either refute or confirm the DTI observations reported here.
Resting state functional connectivity when performed in anesthetized animals is referred to as 'intrinsic connectivity' (Vincent et al. 2007) . Variability in intrinsic connectivity across some brain regions has been correlated with developmental state and the maturity of circuits (Dosenbach et al. 2010; Fair et al. 2008; Supekar et al. 2009 Fig. 7 Ce-BST functional connectivity (fMRI) in infant monkeys. a Group temporal correlation map of dorsal amygdala Ce-region functional connectivity in infant rhesus monkeys. fMRI time-series data were collected while the animals were under anesthesia, and the right dorsal amygdala region (purple) was seeded for group connectivity analysis. The resulting connectivity data was corrected for multiple comparisons testing with false detection rate (FDR) methods (q = 0.05, yellow). b Developmental changes in Ce-BST connectivity were assessed by extracting the mean connectivity values from the FDR-corrected BST cluster in the right hemisphere, and running a linear mixed effects model to examine the influence of age on the mean connectivity, while taking the within-subjects and by scan variance into account. Right BST connectivity with right dorsal amygdala significantly increases between 3 and 7 weeks of age (p \ 0.032) A 2 mm seed region was placed in the region of the right dorsal amygdala, and the mean time series was extracted and regressed against the rest of the brain. Overall mean connectivity was assessed while controlling for age and subject. The temporal connectivity was Fisher'-z transformed and thresholded using FDR methods (q = 0.05, p = 0.00039) resulting in 8 clusters listed above in descending order by size. The anatomical location of the cluster, the hemisphere, and the coordinates relative to the anterior commissure are presented, along with the peak t value for each cluster Uddin et al. 2010; Vergun et al. 2013) . While structural connections (as measured with deterministic tractography) between BST and Ce appear relatively stable over this early developmental time period, intrinsic connectivity between dorsal amygdala Ce region and the BST region was significantly greater at 7 weeks than at 3 weeks of age (Fig. 7b) . Taken together, the imaging data confirm that the white matter pathways of the EAc are demonstrable early in the life of a primate, and indicate that functional integration of this circuit continues during postnatal development.
Implications for functional studies in humans and monkeys
The present findings indicate that, in primates, direct inputs from the Ce to BST dominate over the reverse pathway, and that functional coupling of the Ce and the BST is developing during infancy. The relative directionality of projections suggests that conditioned stimuli that drive behavioral responses via Ce also have strong, direct access to the BSTL, with the potential to influence BST-dependent responses over time. Consistent with their similar anatomic features and structural interconnectivitiy, the BSTL and Ce play related, but not identical, roles in mediating threatrelated responses (Lee and Davis 1997; Walker and Davis 1997) . In rodents, the Ce, but not BST, is required for the expression of short-lived, conditioned fear responses (Davis and Whalen 2001) . In contrast, the BST, but not Ce, seems to be critical for threat-responses that are prolonged (Davis et al. 2010 ). In addition, there are dissociations between the Ce and BST in relation to threat conditioning, such that the Ce mediates discrete cue-related fear responses, whereas the BST is involved in mediating fear responses elicited by broader contexts (Alvarez et al. 2011; Fendt et al. 2003; Pego et al. 2008; Walker and Davis 2008; Zimmerman and Maren 2011) . Evidence from rats and monkeys displaying anxiety-like behaviors (Duvarci et al. 2009; Fox et al. 2008; Jennings et al. 2013; Kalin et al. 2005; Kim et al. 2013) , as well as from humans (Alvarez et al. 2011; Boll et al. 2013; Hasler et al. 2007; LaBar et al. 1998; Mobbs et al. 2010; Somerville et al. 2010 Somerville et al. , 2013 Straube et al. 2007) , supports the idea that regions of the EAc are involved in maintaining threat-preparedness and initiating physiological and behavioral responses to threat. The time course that we document for increased intrinsic coupling between the Ce and BST is similar to that for the development of young monkeys' abilities to regulate their capacity to respond to threat with context-appropriate behaviors (Kalin et al. 1991) . More specifically, contextappropriate freezing behavior in response to the threat of a human intruder begins to occur around 2-months of age (Kalin et al. 1991) , and we hypothesize that these new found abilities for regulating the fear response may result from the concomitant maturation of the EAc. Abundant and complex intrinsic synaptic connections among the Ce, BSTL, and SLEAc are likely being shaped between 3 and 7 weeks of age, and the associated developmental processes of synaptogenesis and synaptic pruning may be the source of neuronal change reflected in the maturation of Ce-BST functional connectivity. Future studies of the perinatal development of this system in a larger sample, and the influence of early-life stress on its structural and functional development, will be informative with respect to the ontogeny of adaptive and maladaptive fear and anxiety responses. The present study highlights the potential importance of the primate SLEAc for understanding EAc function in relation to adaptive and maladaptive anxiety. These data provide new insights into the biology and ontogenesis of the EAc, and build a foundation for understanding how the coordinated function of the EAc contributes to stress-related psychopathology.
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